Background-Hypertensive patients are characterized by development of both left ventricular hypertrophy (LVH) and endothelial dysfunction Methods and Results-We enrolled 65 never-treated hypertensive patients (36 men and 29 women aged 45.6Ϯ6.0 years) to assess the possible relationship between echocardiographic left ventricular mass (LVM) and endothelium-dependent vasodilation. Left ventricular measurements were performed at end diastole and end systole according to the recommendations of the American Society of Echocardiography and the Penn Convention. LVM was calculated with the Devereux formula and indexed by body surface area and height raised to the 2.7th power. The endothelial function was tested as responses of forearm vasculature to acetylcholine (ACh), an endothelium-dependent vasodilator (7.5, 15, and 30 g ⅐ mL Ϫ1 ⅐ min
S
ome published studies have reported that electrocardiographic and echocardiographic left ventricular hypertrophy (LVH) is an independent predictor of cardiovascular diseases in the general population and in several clinical conditions, including essential hypertension. [1] [2] [3] [4] [5] Moreover, recent reports suggest that left ventricular adaptation to human hypertension has been shown to be more complex. In fact, echocardiographic measurements of left ventricular mass (LVM) and relative posterior wall (PW) or interventricular septal (IVS) thickness identify a spectrum of cardiac adaptations to hypertension, including concentric and eccentric hypertrophy, the normal ventricular geometry, and concentric left ventricular remodeling. 2,4,6 -9 The normal endothelium plays a key role in the local regulation of vascular tone by producing and releasing contracting and relaxing factors. 10 One of these is the nitric oxide (NO) [11] [12] [13] that is released after stimulation of endothelial cells by shear stress 14 and some agonists such as acetylcholine (ACh), bradykinin, substance P, and serotonin. 15 On the other hand, sodium nitroprusside (SNP) is an endothelium-independent vasodilator compound that produces vasodilation by providing an inorganic source of NO. 16 Endothelium-dependent vasodilation has been show to occur in most mammalian species 11 and in humans by in vitro studies that used arterial preparations. 17, 18 Human studies have subsequently confirmed these experimental findings and have demonstrated that this regulatory action of the endothelium is also exerted on resistance vessels. 19 Results of recent investigations indicate that endothelial dysfunction exists in some cardiovascular conditions. 20 -23 Endothelium-dependent vasodilation is impaired in experimental models of hypertension as well as in hypertensive patients. In addition, it was recently reported that hypertensive LVH is associated with endothelial dysfunction in coronary vessels in both white and black patients. 24, 25 Thus, the purpose of our study was to evaluate the effects of hypertensive LVH on forearm blood flow (FBF) in response to the endothelium-dependent agent ACh and the endothelium-independent agent SNP in a cohort of a southern Italian never-treated hypertensive patients in comparison with a group of normotensive subjects.
Methods

Study Population Hypertensive Group
The study included 65 outpatients referred to Catanzaro University Hospital to evaluate their hypertensive status (36 men and 29 women aged 45.6Ϯ6.0 years), each of whom had a well-documented history of primary hypertension (duration of hypertension, 2.7Ϯ1.2 years). All patients were white, and causes of secondary hypertension were excluded by the appropriate clinical and biochemical examinations. Each patient underwent standard electrocardiography, routine chemical analyses, and chest radiography. No patient had a history of diabetes, hyperlipidemia, peripheral vascular disease, coagulopathy, or any disease predisposing them to vasculitis or Raynaud's phenomenon. None of the participants was taking antihypertensive therapy. Fifteen patients (23%) had a history of cigarette smoking (3 to 5 cigarettes daily).
The local ethics committee approved the study, and all participants gave written informed consent for all procedures.
Control Group
The study included 20 normotensive subjects (12 men and 8 women aged 45.7Ϯ5.3 years). Normalcy was determined by clinical history, physical examination, routine laboratory analyses, and systolic and diastolic blood pressure (BP) values Յ140/90 mm Hg. Age, body mass index (BMI), glucose levels, and lipid assessment were comparable to hypertensive patients (Table 1) .
Echocardiograms
In each patient, measurements of left ventricular dimensions and derived variables were obtained from both M-mode and 2-dimensional echocardiograms. Echocardiographic readings were made in random order by an investigator who had no knowledge of BP or other clinical data for any patient. Only frames with optimal visualization of IVS thickness, PW thickness, and left ventricular internal dimension (LVID) throughout the entire cardiac cycle were considered for reading. The mean values from Ն5 measurements for each parameter per patient were computed.
M-Mode Measurements
Tracings were recorded under 2-dimensional guidance, and measurements were taken at the tip of the mitral valve or just below that point. Left ventricular measurements were performed at end diastole and end systole according to the recommendations of the American Society of Echocardiography and the Penn Convention. 26, 27 LVM was calculated with the Devereux formula. 28 Analyses were performed with the calculated value of LVH indexed by body surface area (meters squared) and height (meters) raised to the 2.7th power (height 2.7 ). 29 Partition values for LVH were taken from the Framingham Heart Study (with body surface area used for indexing: normal, Ͻ131 g/m 2 for men and Ͻ100 g/m 2 for women), 30 with the cutoff value of 125 g/m 2 used for both women and men (as suggested by Casale et al 1 ) , and with allometric criteria reported by de Simone et al 29 (using height 2.7 for indexing: normal, Ͻ50 g/m 2.7 for men and Ͻ47 g/m 2.7 for women).
Patterns of Left Ventricular Geometry
Relative wall thickness (RWT) was measured at end diastole as the ratio of twice the thickness of PW/LVID 2 or, as recently reported by Verdecchia et al, 4 as the ratio of twice the thickness of IVS/LVID. 
BP Measurements
Clinical BP measurements were obtained in the morning between 8 AM and noon. BP was measured 3 times with a mercury sphygmomanometer. Hypertension was defined as a systolic BP Ն160 mm Hg, a diastolic BP Ն95 mm Hg, or both. Ambulatory BP monitoring was recorded with an A&T TM 2420 recorder (model 7, Takeda) validated by the British Hypertension Society. 31 Recordings were taken every 10 minutes during the day (from 7 AM to 11 PM) and every 20 minutes during the night (from 11 PM to 7 AM).
Vascular Function
All studies were performed at 9 AM after subjects had fasted overnight, with the subjects lying supine in a quiet, air-conditioned room (22°to 24°C); the protocol previously described by Panza et al 21 and subsequently used by our group was used for the present study. 32 All patients underwent measurement of FBF and BP during intra-arterial infusion of saline, ACh, and SNP at increasing doses. All participants rested Ն30 minutes after artery cannulation to reach a stable baseline before data collection; measurements of FBF and vascular resistance (VR), expressed in units, were repeated every 5 minutes until stable.
Endothelium-dependent vasodilation was assessed by a doseresponse curve to intra-arterial ACh infusions (7.5, 15, and 30 g ⅐ mL Ϫ1 ⅐ min Ϫ1 , each for 5 minutes). Endothelium-independent vasodilation was assessed by a dose-response curve to intra-arterial SNP infusions (0.8, 1.6, and 3.2 g ⅐ mL Ϫ1 ⅐ min Ϫ1 , each for 5 minutes). The sequence of administration of ACh and SNP was randomized to avoid any bias related to the order of drug infusion. The drug infusion rate, adjusted for forearm volume of each subject, was 1 mL/min.
Drugs
ACh (Sigma Chemical Co) was diluted in saline immediately before infusion. SNP (Malesci) was diluted in 5% glucose solution and protected from light with aluminum foil.
Statistical Analysis
ANOVAs for clinical and biological data were performed, and differences between means were compared by unpaired Student's t test as appropriate. The responses to ACh and SNP were compared by ANOVA for repeated measurements, and when analysis was significant, the Tukey test was applied. The percentage of increase of FBF was analyzed as a categorical variable by a stepwise multiple linear regression with forward selection; age, sex, BMI, systolic and diastolic BP, LVMI, and duration of hypertension were considered independent variables. The possible interaction between hypertension and LVH on vascular relaxation was tested by a multivariate ANOVA with the FBF value included as a dependent variable. The relationship between LVMI and FBF was obtained by the Pearson correlation coefficient. All calculated probability values are 2-tailed. Significant differences were assumed to be present at PϽ0.05. All group data are reported as meanϮSD.
Results
Demographic, clinical, and hemodynamic characteristics of the study population stratified by hypertensive status and LVH (using all 3 partitioning systems) are reported in Table 1 
Normotensive Versus Hypertensive Group
In hypertensive patients, FBF responses to ACh were markedly impaired compared with those in the normotensive control group (Figure 1 ). In hypertensives, FBF increased 1.9Ϯ1.0, 3.7Ϯ2.5, and 9.4Ϯ6.7 mL ⅐ 100 mL Ϫ1 of tissue ⅐ min Ϫ1 in response to ACh 7.5, 15, and 30 g ⅐ mL Ϫ1 ⅐ min
Ϫ1
. In normotensive subjects, FBF increased 2.2Ϯ1.3, 7.9Ϯ2.4, and 21.5Ϯ4.5 mL ⅐ 100 mL Ϫ1 of tissue ⅐ min Ϫ1 in response to ACh 7.5, 15, and 30 g ⅐ mL Ϫ1 ⅐ min Ϫ1 , respectively. Similarly, VR was significantly decreased in hypertensive compared with normotensive subjects, but this decrease was significantly less in hypertensive patients than in the control group (Figure 1) .
In contrast, FBF responses to SNP were similar in hypertensive patients and normotensive subjects. In the hypertensive group, FBF increased 2.0Ϯ1.3, 4.1Ϯ1.5, and 6.8Ϯ2.1 mL ⅐ 100 mL Ϫ1 of tissue ⅐ min Ϫ1 in response to SNP 0.8, 1.6, and 3.2 g ⅐ mL Ϫ1 ⅐ min
, respectively; in normotensive subjects, FBF increased 2.1Ϯ1.2, 4.5Ϯ1.2, and 7.4Ϯ1.1 mL ⅐ 100 mL Ϫ1 of tissue ⅐ min Ϫ1 in response to SNP 0.8, 1.6, and 3.2 g ⅐ mL Ϫ1 ⅐ min Ϫ1 , respectively. Similarly, no significant differences in VR decrease between groups were observed ( Figure 1 ).
Hypertensive Group
Endothelium-Dependent Vasodilation
Incremental doses of ACh infusions induced a significant increase in FBF in hypertensive patients with and without LVH. However, patients with LVH had a significantly lower responsiveness to ACh than patients without LVH, independent of the partitioning system used, as shown in Figure 2 . No significant differences were observed during SNP infusions. The relationship between peak increase in FBF after ACh infusion and LVMI is shown in Figure 3 . Hypertensive patients demonstrated a negative significant linear relationship between the independent variables, such that yϭ658.218Ϫ3.014x, where y is the percent increase in FBF after ACh infusion and x is the LVMI (rϭϪ0.554; PϽ0.0001). A similar relationship was obtained when LVM was indexed by height 2.7 (rϭϪ0.552; PϽ0.0001). Figure 4 demonstrates the responses of FBF to ACh in hypertensive patients with and without LVH using LVMI according to both Casale et al 1 and the Framingham criteria as well as by height 2.7 . This response is expressed as the maximal percent increase in FBF above baseline flow after ACh infusion. Hypertensive patients with LVH demonstrated a general decline in peak responsiveness to ACh compared with hypertensives without LVH. When we subdivided all hypertensive patients according to different patterns of left ventricular geometry, we observed that the peak response to ACh was higher in patients with normal geometry and cardiac remodeling than in hypertensives with either eccentric or concentric LVH ( Figure 5 ).
Multivariate linear regression was performed to relate the dependent variable, peak response to ACh, to age, sex, BMI, systolic and diastolic BP, duration of hypertension, and LVMI. Only LVMI was significantly associated with the peak response to ACh (Table 2 ). Finally, we tested the possible influence of both hypertension status and LVH alone, as well as the consequence of their interaction on FBF, by multivariate ANOVA (Table 3) . These data indicate an independent effect of both hypertension and LVH on FBF, but no significant interaction was detected in our population.
Endothelium-Independent Vasodilation
During increasing infusions of SNP, the FBF and VR values were similar in hypertensive patients with and without LVH. Baseline and peak FBF values in hypertrophic patients were 3.5Ϯ0.8 and 9.8Ϯ2.3 mL ⅐ 100 mL Ϫ1 of tissue ⅐ min Ϫ1 , respectively; in hypertensive patients without LVH, the values were 3.7Ϯ0.8 and 10.9Ϯ2.3 mL ⅐ 100 
mL
Ϫ1 of tissue ⅐ min Ϫ1 , respectively. Baseline and peak VR values, respectively, were 35.7Ϯ8.6 and 13.4Ϯ3.9 U in hypertrophic patients and 32.0Ϯ6.8 and 11.6Ϯ3.8 U in hypertensive patients without LVH . No significant differences were observed regardless of the hypertrophy partitioning system used.
Discussion
Impaired endothelium-dependent vasodilation in response to ACh is well reported in essential hypertension and in several other pathological states. 20 -23 In addition, the predictive value of LVH for subsequent cardiovascular morbidity and mortality is well established. [1] [2] [3] [4] [5] Finally, recent published data provided evidence that hypertensive LVH is associated with depression in coronary vascular relaxation during the peak effect of the endothelium-dependent and endotheliumindependent agonists ACh and adenosine. 24 The present study confirms that hypertensive patients have blunted endothelium-dependent vasodilation compared with a normotensive control group; moreover, it provides the first evidence that echocardiographic LVM in hypertensive patients is inversely related to FBF responses to the endothelium-dependent vasodilating agent ACh. In our hypertensive patients, endothelial dysfunction reflects the effects of chronic hypertension on the forearm vessels. However, when we tested the effect of other well-established risk factors for impairment of endothelium-dependent vasodilation, only LVMI was an independent predictor of endothelial dysfunction. The present data also demonstrate that this endothelial dysfunction is more marked in hypertensive patients with LVH than in patients without LVH, and when we classify patients on the basis of their pattern of left ventricular geometry, a higher decrease in peak response to ACh is evident in patients with concentric LVH. Our clinical study does not enable us to clearly state whether LVH affects endothelial dysfunction or rather the impaired endotheliumdependent vasodilation affects cardiac LVM; however, it is more likely that both the endothelium and the left ventricle are damaged by hypertension.
The 3 partitioning criteria used for the definition of LVH resulted in no significant differences in the major findings. Both the Casale and Framingham criteria, however, resulted in a lower identification rate than the de Simone criteria. These findings are expected because indexing by body surface area can result in underestimation of LVH in obese subjects, whereas indexing by height 2.7 provides a better allometric normalization of LVM.
Cardiac and Vascular Adaptation in Hypertension
Pressure overload induces parallel cardiac and vascular adaptive modifications in hypertensive patients, such as hypertrophy of large capacitance arteries and left ventricle. 33, 34 In particular, previous data demonstrated that vascular hypertrophy may occur earlier and/or be more prevalent than LVM increase in human hypertension. 34 In hypertensives, LVH develops because of increased cardiac afterload, and as a result, LVH systolic function is preserved. However, clinical studies do not show a close relation between BP values and the degree of LVH. 3 In addition, left ventricular adaptation to high BP has been shown to be more complex in humans, because hypertensives with mild to moderate hypertension exhibit normal LVM and wall thickness, 6 -9 whereas other patients have eccentric LVH that is not related to systolic dysfunction but rather to increased preload and cardiac output. 8, 35 Finally, recent data indicate a strong association between LVH and increased arterial stiffness and/or carotid atherosclerosis, even if the mechanism underlying this association remains unclear. 33 
Hypertension and Vascular Function
Arterial endothelium plays a very important role in the regulation of vascular tone through the release of different vasoactive substances. It is well established that endothelium-dependent vasodilation is impaired in an experimental model of hypertension as well as in hypertensive patients. 15, 21 This endothelial dysfunction can be attributed variably to abnormalities in the NO pathway, decreased endotheliumderived hyperpolarizing factor, or increased release of vasoconstrictor products of cyclooxygenase. 36 A dysfunctioning endothelium reduces its protective effect on the vascular system by keeping vessels in a dilatory state and preventing platelet aggregation and smooth muscle cell migration and proliferation, thus playing a key pathophysiological role in the development of atherosclerosis. 37 
Clinical Implications
Depressed endothelium-dependent vasodilation is considered an earlier modification, present in some cardiovascular risk factors, that may promote the atherosclerotic process by stimulating the proliferation of smooth muscle cells and fibroblasts. The association between LVM and vascular dysfunction, as reported in the present study, provides a potential and earlier pathophysiological link to explain the increased risk of vascular events in hypertensive patients with LVH. In addition, our evidence that LVH is an independent predictor of depressed ACh-mediated vasodilation may reflect the known positive relation between BP and LVM and the possibility that LVM may be a better measure of longterm hypertension, as reported by previous studies. At pres- 38, 39 Although the impact of LVH regression on clinical outcomes has not been conclusively established, recent data indicate that the decrease in LVM brought about by antihypertensive therapy is associated with a reduced risk for subsequent events. 40 Thus, the demonstration that hypertension-associated endothelial dysfunction and LVH may be reversed by a pharmacological treatment may represent a new target for therapeutic intervention in essential hypertension.
Finally, previous prospective studies demonstrated that patients with concentric LVH as opposed to eccentric LVH develop a higher incidence of cardiovascular events. The lowest endothelium-dependent vasodilation observed in our patients with concentric LVH confirms the highest risk for cardiovascular morbidity and mortality reported in these patients.
